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Abstract 
The VERITAS array, consisting of four 12m diameter Cherenkov telescopes, has been observing the northern sky in 
VHE gamma rays (E > 100 GeV) for four years with high sensitivity (1% Crab Nebula flux in ~25 hours) , with 
excellent energy and angular resolution. Exciting new results on a variety of VHE gamma-ray sources, both galactic 
and extra-galactic, have been obtained. Technical developments and Monte Carlo simulation results suggest that 
substantial further improvements to the array performance are possible. Here we present details of the planned 
upgrade of the VERITAS camera and trigger electronics. 
 
© 2011 Published by Elsevier BV. Selection and/or peer-review under responsibility of the organizing 
committee for TIPP 2011. 
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1. Introduction 
VERITAS (Very Energetic Radiation Imaging Telescope Array System) is an array of four imaging air 
Cherenkov telescopes (IACTs) for observing the northern sky in very high energy (VHE) gamma rays 
(above 100 GeV), located in southern Arizona. A recent photograph of the array is shown in Figure 1. 
IACTs detect the Cherenkov light emitted from particles interacting in the Earth’s atmosphere. Primary 
particles (such as gamma rays and cosmic hadrons) interact in the upper atmosphere, creating showers of 
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secondary particles. Gamma rays typically produce secondary lepton pairs, which create more gamma 
rays through Bremsstrahlung. They subsequently pair produce, and the process repeats itself several times, 
creating a shower of particles. Leptons in the shower above an energy threshold of 21 MeV also give rise 
to a Cherenkov light pool that can be seen by IACTs such as VERITAS. 
Each VERITAS telescope has a tessellated optical reflector, composed of 350 mirrors. Each reflector 
has a 12m diameter, giving a 110m2 area per telescope. A 499 Photomultiplier Tube (PMT) camera is 
located in the focal plane of each telescope. The signal from each PMT is digitized in a 500 MHz flash 
analog-to-digital converter (FADC) with 8-bit memory per sample and stored in a 64ȝs memory buffer. 
VERITAS employs a three-fold trigger system to reduce the number of background night sky events. At 
the first level of triggering (L1), a constant-fraction discriminator (CFD) requires a copy of the PMT 
signal above background (typically > 5-6 photoelectrons) before it is digitized in the FADC.   The second 
level of triggering (L2, also called the pattern-trigger) requires a L1 signal in at least three adjacent PMTs 
within an 8-9 ns coincidence window. A third level of triggering (L3) requires a L2 trigger in at least 2 
telescopes within a 50ns coincidence window.  Events which pass the L3 trigger are recorded for use in 
the offline analysis [1].       
During the first four years of operations, VERITAS has already made important strides in the field of 
VHE astrophysics. Several galactic and extragalactic sources have been discovered in very high energies 
by this instrument, including the prototypical starburst galaxy M82 [2], and the Crab pulsar above 100 
GeV [3]. VERITAS also has a program for the indirect detection of dark matter, which has given new 
constraints based on upper limits [4].   
Technical developments and Monte Carlo simulation results suggest that substantial further 
improvements to the array performance are possible. Array sensitivity has already been greatly increased 
by moving one of the telescopes to give a more optimal baseline between telescopes. Higher sensitivity 
and a lower detector energy threshold can be achieved with new cameras composed of high-quantum 
efficiency (HQE) photomultiplier tubes and a field-programmable gate array (FPGA) pattern trigger on 
each telescope. The FPGA-based pattern trigger will be a replacement for the current L2 system. The 
combined effect of the upgrade will increase the sensitivity of VERITAS such that a source that has a 1% 
Crab Nebula flux can be detected in 16 - 20 hours as opposed to about 25 hours with the current 
sensitivity, thereby effectively gaining more observation time. Additionally, the detector energy threshold 
can be lowered from 100 GeV at present to 60 - 70 GeV after the upgrade, due to better selectivity of 
Figure 1. Photograph of VERITAS in the optimal baseline configuration.  
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incoming events to the DAQ. Funding for the trigger and PMTs has been ensured, and testing of the 
electronics is currently underway. The upgrade will be completed in the summer of 2012. 
The other major IACTs, HESS (High Energy Stereoscopic Array) and MAGIC (Major Atmospheric 
Gamma Imaging Cherenkov Telescope) are also being upgraded to HESS-II and MAGIC-II, respectively. 
Both of these major IACT upgrades include building additional telescopes. The MAGIC-II upgrade 
consists of a second telescope with physical structure identical to the first MAGIC telescope. The major 
differences between the first and second MAGIC telescopes will be that the new telescope will have larger 
1m2 mirror facets and a camera consisting of PMTs with higher QE at wavelengths less than 400nm, 
which should yield an increased detection of Cherenkov light [5]. The HESS upgrade consists of the 
largest Cherenkov telescope ever built, located centrally in the array. HESS-II should significantly lower 
the energy threshold of the array and increase sensitivity in the HESS-I range [6]. The mirror area of the 
new telescope is 600m2, about 6 times larger than one of the VERITAS or HESS-I telescopes. HESS-II 
will be able to trigger on single telescope events from T5 (the larger telescope) in parallel to two of the 
four outer telescopes, or T5 plus one of the other four. Events from T5 should have lower energies, 
effectively lowering the energy threshold into the 30-90 GeV range.        
 The following sections will further describe the VERITAS upgrade. Section 2 discusses the 
replacement pattern trigger (L2), while section 3 discusses the camera upgrade. Conclusions and the 
expected schedule for the upgrade are described in section 4.  
2. Pattern Trigger Upgrade 
IACTs are limited at the lowest energies because of the steeply rising trigger rate produced by the 
night-sky background light (starlight) and by cosmic rays (protons, muons and electrons).  Gamma rays 
produce a signature that can be distinguished from these background signals.  At the single-telescope 
level, exploiting the event topology for gamma-ray events is not new. The Whipple 10m telescope 
employed a nearest-neighbor logic trigger requirement before a similar design was implemented for 
VERITAS [1,7].  The upgraded L2 trigger, with more modern technology, including ultrafast FPGAs, 
will provide better pixel-to-pixel timing alignment and allow for a narrower coincidence gate compared to 
the current VERITAS trigger, but will still require a 3-fold neighboring pixel requirement.  This should 
greatly improve background rejection, thus allowing for a reduction in energy threshold at the trigger 
level. 
2.1. Hardware description 
The L2 crate for the VERITAS upgrade is 
shown in Figure 2. Each 9Ux160mm L2 crate 
contains three types of cards: 10 input cards, 
three L1.5 cards, and one L2 card. The input 
cards receive the input emitter-coupled logic 
(ECL) signals from the CFDs and translate 
them to low-voltage differential signaling 
(LVDS), which is then sent to the L1.5 card 
through a custom high-speed differential 
backplane. Each L1.5 card contains a Xilinx 
Virtex-5 FPGA that processes the 3-fold 
neighbor coincidence logic required for a 
trigger. The Xilinx Virtex-5 FPGA was 
Figure 2. The pattern-trigger crate for the VERITAS upgrade.  
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chosen because of its higher speed and specific cell structure. Higher speed allows for the logic to run 
significantly faster than in the original system.  The specific cell structure of the Virtex-5 allows 
computation of the coincidence equations in individual cells, resulting in a significantly enhanced ability 
to control the delay of each pixel before entering the coincidence equation. The trigger is asynchronous, 
requiring only minimal overlap time between neighboring pixels before a trigger occurs, meaning that at 
no point is the data sampled. The speed of the trigger is therefore only limited by the propagation delay 
within the FPGA and the lookup speed of the memory. The camera is partitioned into three sections, with 
a different L1.5 card governing each section plus a narrow overlap region between neighboring sections. 
The input board splits signals for each pixel in an overlap region and sends output to multiple L1.5 
boards. The FPGA on the L2 board (a Virtex-4) is responsible for collecting coincidence signals from the 
individual L1.5 boards and producing an ECL output to the L3. The Virtex-4 processor on the L2 board 
has the added functionality of providing the clock source for the L1.5 modules and two time-to-digital 
converters (TDCs) with ~50ps resolution. This is required for the timing alignment procedure described 
in the next section. 
Figure 3. Camera maps of the relative pixel delays before alignment (left) and after alignment (center). The color 
scale used for both is shown at the far right. Pixels in gray were not used for the pixel alignment. The pixels on 
the blue end are those that are the earliest to arrive at the level 2 processor, while the pixels on the red end are 
those latest to arrive. 
2.2. Pixel timing alignment 
    Different CFD signals from the same event arrive to the L2 crate within a window of ±6ns without any 
sort of timing alignment of the signals. In order to ensure that all signals from the PMTs reach the trigger 
logic within less than ±1ns, a timing alignment is implemented. This requires careful control over the 
skew and overall delay within the internal routing of the L1.5 boards, as well as the L1.5 FPGAs and the 
L2 FPGA coincidence signal. The L1.5 FPGAs can be programmed to delay individual input signals in 
steps of 72ps before they are sent through the coincidence logic. The procedure for this on site requires 
the LED flasher used for VERITAS calibration running at a rate of a few kHz, and the telescopes pointing 
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at a dark patch of the sky at a high elevation. The CFD thresholds are set at a higher level to help reduce 
NSB contamination. Seven different 3-fold coincidence patterns per pixel are tested multiple times and 
averaged to find the mean arrival time for that pixel. The delay of that pixel is measured relative to the 
average of two fixed coincidence sets, one in each of the other two L1.5 regions of the camera. These 
fixed sets exist to give a reference time for all coincidence sets. A delay time is then calculated and added 
to move that pixel’s arrival time closer to the mean of the reference coincidence sets. Camera maps of the 
relative delays before and after this procedure are shown in Figure 3.1 
2.3. Coincidence gate width 
The current VERITAS L2 trigger requires a 
time coincidence of 8-9ns, depending on which 
telescope is triggered. The new FPGA-based 
trigger includes firmware optimized for rapidly 
solving trigger equations and pixel alignment to 
±1ns, and ultimately will yield a time 
coincidence gate of approximately 3ns. 
A programmable parameter called ‘Detune’ 
in the L1.5 firmware controls the maximum 
coincidence gate width. The maximum gate 
width is approximately: 
 
Gw,max = 2( Pw – Ow – Detune – Tw)                        (1) 
      
where Pw is the programmable width of the L1  
CFD pulse width (about 13 ns) and, Ow is the 
minimum required pulse overlap between 
neighboring pixels. An additional timing skew parameter, Tw, represents differences in the pixel timing 
(typically on the order of ~100ps if the timing alignment procedure is implemented properly). Pw is a 
programmable value of the CFDs; 13ns was chosen to provide the existing pattern trigger a coincidence 
gate of 8 to 9ns.  
Figure 4. ANL test stand measurements showing the 
minimal overlap width required for a trigger to occur. 
 
   Figure 4 shows the results of a measurement carried out in the laboratory with the L2 crate being pulsed 
by a CAMAC module. Each coincident set of three pixels is measured by keeping two pixels fixed in time 
with respect to each other and varying the third pixel in time with respect to the fixed two. This is a test of 
the minimal overlap width required with ‘detune’ set to zero for each equation, Ow. Deviation from the 
mean Ow value is due to individual signal timing differences of each pixel in the equation. Negative Ow 
values are due to situations where no trigger occurs.  
  The trigger is sensitive to levels, not edges, due to its asynchronous nature. Therefore, to obtain the 
required coincidence gate width of the trigger requires the pulse widths of the neighbouring pixels to 
overlap for a set amount of time before a trigger occurs. The ‘detune’ parameter has the effect of 
requiring the overlap width between three neighboring pixels in the trigger to be longer than the minimal 
value, Ow. Since PMT signals triggered by Cherenkov air showers are tightly correlated in time and NSB 
L1 triggers occur at random, the narrower gate width reduces NSB triggers in each telescope. This allows 
 
1 Improvements have been made to the timing alignment procedure since the alignment shown in Figure 3 was made; 
new alignments performed in the fall of 2011 have successfully aligned all pixels within 500ps of the mean delay of the 
reference sets.
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more stringent control over the pixel overlap timing without requiring narrow CFD pulse widths that 
would be impractical to transmit over standard cables. The CFD pulse widths have been shown to exhibit 
jitter at small pulse width settings, causing coincidences to fail at pulse widths narrower than 8ns.   
3. High Quantum Efficiency Photomultiplier Tubes 
3.1. Quantum efficiency measurements  
Figure 5. Efficiency curve for a Hamamatsu R10560-100-
20 mod PMT. The legend on the right is the quantum 
efficiencies for two different PMTs (serial numbers 25 a
29) with measurements in two different test setups (from




Figure 6. Single-photoelectron spectrum of a 
Hamamatsu 10560-100-20 mod PMT. The red dashed 
line indicates a Gaussian best fit for the PE peak. 
   The most significant portion of the VERITAS 
upgrade will be the HQE PMTs, which will 
effectively increase the amount of light detected 
by the cameras by ~40%. The PMTs currently 
used in the VERITAS cameras are Photonis 
model #2970, which have 15 to 20% quantum 
efficiency at a wavelength of 420nm [7]. The new 
PMTs employed by VERITAS will be 
Hamamatsu model R10560-100-20 MOD 
(henceforth referred to as R10560), which have a 
peak QE of ~35% between wavelengths of 300 
and 400nm. These tubes have an eight-stage 
linear dynode structure, biased in a 4, 1, 1, 1, 1, 1, 
1, 1 configuration. Figure 5 shows the QE versus 
wavelength curve for two different a R10560s in 
two different test setups.   
3.2. Single- Photon Characteristics 
   Figure 6 shows the Single-photoelectron (PE) 
spectrum for a R10560 PMT. The single-PE 
curve is characterized by two peaks: a pedestal 
representing the dark current, and a second peak 
representing the PE signal. The Gaussian fit for 
the single-PE peak is the red curve, while only 
the lower edge of the pedestal is shown in Figure 
6. The pedestal is also fit by a Gaussian curve, 
but the full pedestal curve is too large to be seen 
in the scope of Figure 6. The separation of the 
two Gaussian peaks is proportional to the gain of 
the PMT. The single PE peak for the R10560 is 
resolved and well separated from the pedestal, 
which allows for easier gain calibration. Typical 
PMT gain measurements are performed in a dark 
box exposed to a light source pulsed at a constant 
rate at an intensity which is much less than one 
photon per pulse. This measurement is repeated 
for a range of high-voltage (HV) values to get the 
power-law relationship between HV and gain. 
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Extrapolating this relationship gives a typical HV 
value of 1100V to operate the PMTs at a gain of 
2x105, the value to which the PMTs are flat-fielded 
to during normal operations. Figure 7 shows a 
comparison between the oscilloscope pulse shapes 
of a Photonis 2970 and a Hamamatsu R10560. The 
pulse heights for both PMTs have been normalized 
to the same amplitude. The pulse shape for the 
R10560 is narrower by 40%, which should make it a 
better discriminator at the trigger level between 
Cherenkov pulses and the night-sky background.  
Figure 7. Pulse shapes of the Photonis 2970 (in red) 
and Hamamatsu 10560 PMT (blue). The amplitudes 
of both curves have been normalized to unity.
3.3. Aging study 
To determine the long-term stability of the 
phototubes, an aging study was performed on one of 
the R10560 PMTs. This effect can not be ignored for 
IACTs because steady current due to NSB at the 
level of a few microamperes flows through the 
dynode structure over a period of several years. To 
accelerate the aging process, the chosen PMT was 
exposed to a steady light source at a HV of 1000V, 
slightly below the operational gain of 2x105. The 
initial current was 45μA, roughly ten times what is 
seen in normal operating conditions.   
Figure 8 shows the resulting measurement of 
anode current as a function of time after the PMT 
was in the dark box under the conditions described 
previously for over 700 hours. The curve in Figure 8 
was fitted to the sum of two exponential functions: 
 
 I(t) = I0(0.75*exp(-t/Ĳ1) +0.25* exp(-t/Ĳ2)),  (2) 
 
where I0 is the current at t = 0, Ĳ1and Ĳ2 are the decay 
constants for the two exponential functions. The best 
fit of the data in Figure 8 gives values of: I0 = 45ȝA, 
Ĳ1 = 247 hours and Ĳ2 = 1300 days. The integrated 
charge during this time is roughly 95 Coulombs, which is estimated to be equivalent to four years of 
normal operation after the VERITAS upgrade. Since gain is proportional to anode current, the gain drop 
during this time is roughly 25%. This is considered to be acceptable and can be offset by raising the HV 
of the PMTs as required after the camera upgrade.  
Figure 8. Measurements of the anode current 
over time during the aging study. The red curve 
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4. Discussion and Upgrade Schedule 
As of August 2011, the full VERITAS upgrade is planned to be complete by the summer of 2012. 
Currently, one of the telescopes has been equipped with two clusters of seven Hamamatsu R10560s for 
testing purposes. The rest of the PMTs for the upgrade have been ordered and are under production. As 
they are delivered, they are being tested for single-PE gain. Ten percent of each batch of R10560s will be 
tested for quantum efficiency and photocathode surface uniformity.  
One of the pattern trigger crates is already set up at the VERITAS site in a parasitic mode, so that 
normal operations are not interrupted. One of the channels of the FADC is wired to the output of this 
trigger, so that efficiency measurements relative to the existing trigger can be performed offline. These 
efficiency studies have provided topographical data showing that the new trigger retains ~99% of all 
events passing the L3 trigger, and nearly all events passing the analysis quality and hadron cuts, while a 
reduction of raw data rates at lower CFD settings is seen. Trigger software testing is currently underway 
which will allow observers to make use of the diagnostic features and control the coincidence width. 
Investigations are ongoing of the extent to which the new trigger can be exploited to reduce the energy 
threshold, by narrowing the coincidence gate width and/or lowering the CFD settings. The pattern trigger 
should be installed in all four telescopes sometime in the fall of 2011.          
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